The NNE-trending Taihang Mountain belt, North China, is an intracontinental anomalous zone with a significant magmatic and gravity signature. From structural investigations, U-Pb dating, and 40 Ar/ 39 Ar chronological analyses, a three-stage tectonic evolution sequence can be reconstructed for the northern part of the Taihang Mountain belt during the middle to late Mesozoic period. This sequence comprises a WNW-ESE-directed compression that occurred at 175-150 Ma, followed by magmatic intrusions (146-142 Ma) and ending with the emplacement of alkaline granitic intrusions and their exhumation at 142-120 Ma. Normal faulting during late Cretaceous-Cenozoic time exposed the Taihang Mountains. The earlier compressional deformation and the following volcanic and magmatic episodes were probably controlled by some far-field stress release associated with the subduction of the paleo-Pacific plate beneath the eastern Asian continent. After the orogeny, the structural evolution, sedimentation, and tectonic settings on the western side differ from those on the eastern side of the Taihang Mountain belt.
Initial Formation and Mesozoic Tectonic Exhumation of an Intracontinental Tectonic Belt of the Northern Part of the Taihang Mountain Belt, Eastern Asia

Introduction
In eastern China, EW-trending orogenic belts that have experienced a long and complex evolution constitute the main tectonic framework, including the Qinling-Dabie, Inner Mongolia, and YinshanYanshan orogenic belts ( fig. 1 ; e.g., Ren et al. 1990; Ames et al. 1996; Ren 1996; Wang 1996 Wang , 1997 Wang , 1998 Yin and Nie 1996; Meng and Zhang 1999, 2000; Zhang et al. 2001; Ratschbacher et al. 2003) . Collision ceased along the Qinling-Dabie orogenic belt during the middle to late Jurassic (e.g., Gilder and Courtillot 1997; Gilder et al. 1999 ) and along the Inner Mongolia orogenic belt in the late Permianearly Mesozoic (Wang 1996 (Wang , 1997 Chen et al. 2000; Xiao et al. 2003) . There are also NE-NNE-trending tectonic belts and intracontinental mountain belts, such as the Tan-Lu fault system, formed during the middle-late Mesozoic (Xu et al. 1987; Zhu et al. Manuscript received September 13, 2007; accepted January 4, 2008. 1 Institute of Tianjin Mineral and Geology Resources, Tianjin 300170, China.
2001 ; Wang 2006) , and the Taihang Mountain belt, which has not been explored in detail and is covered by this study. The two tectonic belts trend perpendicular to the Qinling-Dabie and YinshanYanshan orogenic belts ( fig. 1 ). The two belts also constitute transformation zones with respect to crustal thickness, structural features, and tectonic evolution (Ma 1989; Ren et al. 1990; Ren 1996; Wang 1998 Wang , 2006 Zhou 2006) .
The Taihang Mountain belt lies between the Ordos-Shanxi plateau to the west and the North China Basin to the east, with the eastern flank of the mountain defining an abrupt topographic change of ∼30-2000 m in elevation. Changes in crustal thickness produce a steep horizontal gravity gradient, the NNE-trending Da Hinggan-TaihangWulingshan gravity gradient zone (Hebei Bureau of Geology and Mineral Resources 1989; Ma 1989; Beijing Bureau of Geology and Mineral Resources 1991) . This zone is characterized by the occurrence of widespread granitic intrusions and volcanic rocks that were emplaced during the Mesozoic (Niu et , 1995 Yan et al. 1999 Yan et al. , 2000 Chen et al. 2003 Chen et al. , 2004 . These granitic rocks were emplaced into Archaean-early Proterozoic metamorphic rocks (Hebei Bureau of Geology and Mineral Resources 1989; Beijing Bureau of Geology and Mineral Resources 1991; Niu et al. 1994 Niu et al. , 1995 .
To the east of the Taihang Mountain belt lies the North China depression, a large sedimentary basin that was formed by Cenozoic rifting (Ma and Wu 1987; Ye et al. 1987; Tian et al. 1992; Xu et al. 2001) . The North China depression has an average crustal thickness of ca. 35 km and an average Bougeur gravity anomaly value of ca. Ϫ20 mgal (Ma 1989) . To the west of the belt is the Ordos-Shanxi plateau, where the prominent NE-trending Fen-Wei Graben developed during the middle-late Cenozoic time (e.g., Wang 1998) . The average crustal thickness of the Ordos-Shanxi plateau is 42-45 km, and the plateau has an average Bougeur gravity anomaly of ca. Ϫ120 mgal (Ma 1989) .
While the development of the topographic division between the Ordos-Shanxi plateau and the North China Basin has not been explored, several models have been proposed to explain the formation and evolution of the Taihang Mountain belt, such as high strain extension and magmatic diapirism (Ma 1989; Niu et al. 1994 Niu et al. , 1995 Luo et al. 1999) . Because of the occurrence of Mesozoic magmatism and Cenozoic normal faults in the mountain belt, it has been suggested that the Taihang Mountain belt was formed during the Mesozoic, controlled by the west Pacific plate subduction (Niu et al. 1994 (Niu et al. , 1995 . Questions still remain regarding the tectonic setting of this intracontinental tectonic belt and its initial formation. To address these questions, we conducted structural and petrologic studies in conjunction with U-Pb and 40 Ar/ 39 Ar geochronological studies in the northern part of the Taihang Mountain belt in order to determine the age of magmatism, the history of exhumation, and the time of formation of the Taihang Mountain belt.
Regional Geological Setting
Most of the Taihang Mountain belt is composed of Archaean-Lower Proterozoic metamorphic rocks, Yan et al. (1999 Yan et al. ( , 2000 and Wang (2001) . The locations of sampled sites are shown. such as gneiss and quartz-schist, and Upper Proterozoic-Cambrian-Ordovician limestones and sandstones ( fig. 2) Middle-late Mesozoic granitic plutons are distributed in a NNE-trending belt along the northern part of the Taihang Mountains. The Wang'an pluton, the largest pluton in the study area ( fig. 2C) , is located at the north end of the Fuping Uplift. Surrounding the pluton to the east, south, and west are Archaean to early Proterozoic metamorphic rocks and late Proterozoic-Paleozoic nonmetamorphic rocks. The Wang'an pluton is a basic acidic granitic complex composed primarily of granite and granodiorite, with lesser quartz diorite, hornblendite, syenite, and syenite-quartz intrusions. The composition of pluton ranges from intermediate acidic in the core to acidic at the rim. The granite intruded into Proterozoic carbonate and Archaean gneissic rocks. The granite is unfoliated and crosscuts all deformation fabrics in the rocks it intrudes. The initial ratios of 87 Sr/ 86 Sr for the main phase of the Wang'an granite are from 0.7060 to 0.7063 (Wang 2001) . Along the same trending mountain belt, at Yunmengshan to the north of Beijing, granitic intrusions yield zircon U-Pb TIMS (Davis et al. 1998 ) and SHRIMP ages (Deng et al. 2003 ) of 145-142 Ma, which is the same age as that of the Wang'an pluton and identical to the ages obtained in this study.
To the south of the Zijingguan area, a similar hornblendite pluton yielded Rb-Sr ages of 144-132 Ma (see fig. 2C ), a quartz syenite in the Wang'an pluton yielded a Rb-Sr isochron age of Ma, 138 ‫ע‬ 2 and a granitoid unit yielded a Rb-Sr age of 134 ‫ע‬ Ma (Wang 2001) . The Zijingguan quartz-syenite 2 yielded a Rb-Sr age of Ma, and the granitic-126 ‫ע‬ 3 granitoid yielded a Rb-Sr age of Ma (Yan 145 ‫ע‬ 9 et al. 1999 (Yan 145 ‫ע‬ 9 et al. , 2000 . An isotope fugacity calculation of 18 O and H 2 O yielded an intrusion depth of the Wang'an pluton of about 9.8-7.6 km (Niu et al. 1994) , which is similar to the results of a horn- fig. 2A ). Middle, Fuping cross section (B-B in fig. 2A ). Bottom, Shijiazhuang cross section (C-C in fig. 2D ).
blende-biotite geobarometer calculation (Wang 2001) .
Deformation during the Mesozoic and Cenozoic Time
On the basis of structural studies along the northern and north-central parts of the Taihang Mountain belt, we have identified two major deformational events. Earlier deformation documented the main structures, and later deformation was found along the eastern border of the Taihang Mountain belt.
Earlier Deformation.
The northern part of the Taihang Mountain belt is characterized by NE-NNE-trending folds and thrust faults (less common; fig. 2B ). The structural geometry of the area is dominated by recumbent and inclined folds involved in middle-upper Proterozoic-Cambrian sediments. Thrust faults (less common) are recognized at the east flank of the Taihang Mountain belt, but sometimes it is difficult to identify them within middle-upper Proterozoic limestone/sandstone. This earlier deformation involved horizontal shortening of bedding and resulted in a series of asymmetric folds ( fig. 4A-4F ). Asymmetric folds in Middle-Upper Proterozoic limestone and sandstone and Cambrian-Ordovician clay-bearing limestone indicate a compressive (top-to-the-NW) sense of shear. A mineral lineation defined by small muscovite and sericite, shallowly to steeply ESE plunging, occurs in the plane of S1 ( fig. 4G, 4H ). Asso- fig. 3 The second deformation event is characterized by extension (figs. 2, 3). Normal faults juxtapose Proterozoic-Paleozoic rocks in the hanging wall against Archaean-Lower Proterozoic metamorphic rocks in the footwall. The normal fault zone at the Zijingguan area along the eastern border of the Taihang Mountain belt is defined by a 20-cm-to 30-m-thick brecciated zone of metamorphic and sedimentary rocks. The fault dips ESE 100Њ-110Њ with angles of 60Њ-70Њ. Interpretation of a seismic reflection profile indicates that the normal fault extends to a depth of ∼70 km beneath the North China Basin (Wang et al. 1994) . Apatite fission-track cooling ages date extension as early Miocene, with ages of ∼24 Ma (Zhang et al. 2002; ). 
Sampling and Analytical Methods
Fourteen samples, consisting of two zircon samples for U-Pb geochronology and 12 hornblende, muscovite, biotite, sericite, and potassium feldspar samples for 40 Ar/ 39 Ar thermochronology, were collected along an E-W transect across the Wang'an granite pluton and its surrounding metamorphic rocks, in an area to the SW of the West Hills of Beijing and in the Fuping area. Sampled sites are shown in figure 2.
U-Pb Method.
Zircon U-Pb isotopic analyses were carried out at the Tianjin Institute of Geology and Mineral Resources, China. Zircon samples were analyzed by the conventional isotope dilution technique. Zircon dissolution was carried out by the hydrothermal method in the presence of a mixed HF-HNO 3 solution. Dissolution capsules and ion exchange column capacities were 0.25 and 0.1 mm, respectively. A mixed 235 U-
205
Pb spike was used. The U and Pb extraction procedure was the standard ion-exchange column method. Isotopic analyses were performed on a VG354 thermal ionization mass spectrometer using a Daly detector. U and Pb were loaded onto outgassed Re filaments in a silica gel-phosphoric acid mixture and were analyzed at progressively higher temperatures, with Pb usually between 1300Њ and 1450ЊC and U between 1450Њ and 1500ЊC. All zircon results were corrected for 20-30 pg of total laboratory Pb blank and 2-6 pg of total laboratory U blank. The decay constants used for calculation are / Ar analysis was performed on MM-1200 (China Earthquake Administration) and MM-5400 (China University of Geosciences, Beijing) mass spectrometers. The sensitivity of the Faraday cup for the MM-1200 mass spectrometer was mol/mV. The interfering-neutron-reac- Ar spectra for hornblende (H), muscovite (M), biotite (B), sericite (Se), and potassium-feldspar (K) samples. Sites for samples Th2B, Th2H, Th3B, Th4B, Th8B, Th11B, and Th5K are shown in figure 2C ; the site for sample Th14B is shown in figure 2A . For YS-107M and YS-108Se, refer to sites in figure 2B . Step heating data are listed in the appendix (available in the online edition or from the Journal of Geology office), and age spectra are shown in figure 6. Summary of age data, lithologic descriptions, and sampled sites is shown in table 2. Weighted mean plateau ages (WMPAs) are reported where 150% of the 39 Ar released in contiguous steps is within 1j error. For disturbed spectra, preferred ages are reported where the spectrum is relatively flat but does not meet the strict criterion for a WMPA. To estimate the cooling history recorded in samples, we used an average closure temperature of C for 400Њ ‫ע‬ 50Њ muscovite 40 Ar/
39
Ar ages (Hames and Bowring 1994) and C for biotite (Harrison et al. 335Њ ‫ע‬ 50Њ 1985) . Sample Th2H (hornblende), collected from a granitic pluton, yields a nearly flat spectrum over ∼66.5%
Analytical Results
U-Pb
39 Ar released with a preferred age of Ma ( fig. 6 ), which 150 ‫ע‬ 2 is older than an associated zircon U-Pb age of Ma. The isochron plot yields an age of 146 ‫ע‬ 2 Ma, and its initial 40 Ar/
36
Ar ratio ( 134 ‫ע‬ 13 576 ‫ע‬ ) indicates that this sample contains excess ar-120 gon. Thus, we interpret the isochron age as the cooling age of the sample.
Three biotite samples from the granitic pluton, Th2B, Th3B, and Th4B, yield well-defined spectra. Each exhibits a similar spectrum characterized by erratic Ar release spectra over the first ∼10% of 39 Ar released, followed by a well-defined plateau for the remaining 90% of 39 Ar released. WMPAs are the same, within errors at (Th2B), 132 ‫ע‬ 2 133 ‫ע‬ 2 (Th3B), and Ma (Th4B). Both plateau ages 131 ‫ע‬ 2 and isochron ages are similar.
Muscovite and sericite samples YS-107 and YS-108 were collected from the northern part of the Taihang Mountain belt. The former is from folded limestone, and the latter is derived from deformed sandstone. They yield muscovite and sericite 40 Ar/
39
Ar ages of and Ma, respectively. 158 ‫ע‬ 1 ‫ע371‬ 2 The isochron ages are also similar to their plateau ages, agreeing within error.
Biotite spectra from the mylonitized gneiss, gneiss, and schist at the eastern contact of the Wang'an pluton yield weighted mean plateau ages of (Th8B) and Ma (Th11B) and the 147 ‫ע‬ 2 358 ‫ע‬ 5 southern contact with a plateau age of 1745 ‫ע‬ 16 Ma (Th14B). Their isochron ages are similar to plateau ages but yield different 40 Ar/ 36 Ar initial ratios. Three K-feldspar samples, one (Th2K) from a granite near the central part of the pluton and two (Th5K and Th14K) from the gneiss and schist of metamorphic rocks, were analyzed. Sample Th2K yields a spectrum characteristic of argon diffusion, climbing from an age of 120-165 Ma. Samples Th5K and Th14K yield disconcordant age spectra, indicating excess argon at low-temperature heating steps.
Interpretation of Results
The crystallization age of the granite is given by the 206 Pb/ 238 U zircon ages of and 146 ‫ע‬ 2 ‫ע341‬ 2 Ma from the central part to the eastern margin of the granitic pluton. The granite is unfoliated and crosscuts NE-NNE-trending folds and thrust faults, which provide key constraints on the timing of the NW-SE compression deformation. The biotite separated in a mylonitic rock located near the eastern contact of the pluton agrees with the U-Pb ages of 146-142 Ma for emplacement of the biotite-hornblende granite, but hornblende from the same sample yields an 40 Ar/ 39 Ar preferred age of Ma (Wang 1998) , implying incorpo-1702 ‫ע‬ 16 ration of excess argon or that the later deformation (1148 Ma) did not reset the hornblende Ar closure system. From these dates, we know that the age of Ma is a cooling age, at least a minimum 147 ‫ע‬ 2 constraining the upper limit of the mylonite formation or the onset of WNW-ESE compression of the area. In the northern part of the Taihang Mountain belt, hornblende with similar WNW-ESE compressional features yields an 40 Ar/ 39 Ar plateau age of ∼ Ma (Wang 1996) , suggesting that 163 ‫ע‬ 1 WNW-ESE thrusting/folding developed before or during ca. 163-148 Ma. Along the Taihang Mountain belt, the following ages are known: a ca. 163-Ma hornblende 40 Ar/
39
Ar cooling age (Wang 1996) , ca. 173-158-Ma muscovite and sericite cooling ages, and a ca. 150-Ma biotite 40 Ar/
Ar cooling age, although samples were collected from differently deformed rocks and the various deformed layers. Muscovite and sericite are synkinematic minerals formed during the WNW-vergent folding and thrusting, which can constrain NW-SE contraction deformation that occurred at ca. 175-150 Ma.
The plateau dates obtained from Th2-Th4B sites and other E-W transect sites across the Wang'an pluton are cooling ages. Biotite ages of 133-131 Ma for samples Th2B, Th3B, and Th4B are similar and slightly younger than the ca. 134-Ma age of hornblende at Th2H. The similarity in biotite ages of samples collected from both the central and the eastern contact indicates that the currently exposed surface of the pluton had cooled to ca. 300Њ-350ЊC at about 132 Ma ( fig. 7) . Using a minimum paleogeothermal gradient of ∼30ЊC/km (Wang et al. 1990) , this suggests that the pluton intruded at a depth of ∼12 km when biotite began to cool. Furthermore, the K-feldspar 40 Ar/
Ar data constrain the depth of the pluton center to !7 km at ca. 126-120 Ma, with cooling rates of 27Њ-35ЊC/m.yr. and an exhumation rate of ∼0. (fig. 7) .
Tectonothermal Implications and Discussion
Cooling Histories and Timing of the Intracontinental Taihang Mountain Belt. Our geochronologic analysis provides age constraints on the formation and evolution of the Taihang Mountain belt. In fact, three stages of tectonic evolution, consisting of WNW-ESE contraction, pluton emplacement, and subsequent exhumation, are identified from the UPb and 40 Ar/ 39 Ar cooling ages, combined with structures and granitic intrusions (figs. 7-9).
A structural-thermochronologic cross section across the Taihang Mountain belt and its eastern margin is shown in figure 8 . The figure shows differences in isotopic ages at similar elevations, or for the same rocks from the top of the Taihang Mountain belt to its eastern border, and from the granites to high-grade metamorphic rocks. Figure 9 explains the variation in tectonic exhumation and mountain unroofing along the central and eastern part of the Taihang Mountain belt at different geological times.
The zircon U-Pb age of ∼146-142 Ma for granitic pluton that intruded across the deformed gneiss and Proterozoic-early Paleozoic strata along the northern part of the Taihang Mountain belt shows the crystalline age of the granite, as this places an upper limit on the age of WNW-ESE contraction deformation. Muscovite and sericite grains, aligned parallel to the stretching lineations of the ESEdipping thrust faults and fold axial surface, yield 40 Ar/ 39 Ar cooling ages of 173-155 Ma. Muscovite 40 Ar/ 39 Ar geochronological data can be used to constrain the time of formation of recumbent fold zones at temperatures of ∼350-400ЊC. On the basis of syn-deformation recrystallized muscovite and sericite, as well as an interpreted deformation temperature similar to muscovite and biotite Ar/Ar closure temperature, we suggest that WNW-vergent thrust faults and folds developed before or during ∼175-150 Ma.
Volcanism and magmatism developed in the adjacent Da Hinggan Mountain belt, the Yanshan orogenic belt, and along the eastern China continental margin at about 146-120 Ma (Wang 1996; Chen and Chen 1997; Shao et al. 1999 Shao et al. , 2000 Shao et al. , 2001 Deng et al. 2000; Davis et al. 2001; Cai et al. 2004; Peng et al. 2004 ). At about ∼135-125 Ma, granite intruded and basalt-andesitic volcanism developed in the Taihang and Da Hinggan Mountain belts (Chen and Chen 1997; Wang 1998; Shao et al. 1999 Shao et al. , 2000 Zhang et al. 1999; Chen et al. 2003 Chen et al. , 2004 .
Forming Mechanism of the Taihang Mountain Belt in
Eastern China during the Middle-Late Mesozoic. Regionally, along the eastern Asian continental margin and its interior, westward subduction of the Kula-Pacific plate or the Kula Ridge under the Eurasian plate (Lallemand and Jolivet 1986; Maruyama and Seno 1986; Sager et al. 1988 ) resulted in basic lava volcanism along NE-ENE-trending fractures or faults after the middle Jurassic. At ∼120-70 Ma, the whole of North China was eroded (Wang 1998; Xu et al. 2001) . At the same time, the West Pacific plate convergence direction changed to N-NW, resulting in development of sinistral strikeslip movements along the eastern margin of the Eurasian plate (Xu et al. 1987; Charvet et al. 1990; Wang 1998) .
Thrust tectonics (less common) in the Taihang Mountain belt are characterized by top-to-the-NW (W) thrusting that occurred at ∼175-150 Ma. The NE-NNE-tending folds, found in the eastern flank of the northern and central parts of the Taihang Mountain belt, generally verge to WNW-NW, accommodated by northwesterly shortening. The formation of WNW-vergent and NNE-trending folds and thrust faults in the Taihang Mountain belt is interpreted to have occurred as part of a thickening in an intracontinental interior, possibly related to WNW-ward subduction of the west Pacific plate beneath the eastern Asian continental margin. Thus, at least at ∼175-150 Ma, the Taihang Mountain belt was experiencing NW-SE crustal shortening. This shortening was coeval with extensive NW-vergent crustal thickening and local metamorphism by crustal shortening occurring in the Taihang Mountain belt, in the eastern Yanshan orogenic belt (e.g., Wang 1996; Chen 1998; Davis et al. 1998 Davis et al. , 2001 , and along the Tan-Lu fault system (Wang 2006) .
During the middle-late Jurassic, in the YinshanYanshan orogenic belt and the Taihang Mountain belt, Tiaojishan andesitic volcanic rocks formed along the NE-trending structural belts and basins at 162-152 Ma (e.g., Zhao et al. 2004; Liu 2006) . At the same time, WNW-vergent and ESE-dipping thrust faulting and WNW-vergent folding occurred along the Taihang Mountain belt and the YinshanYanshan orogenic belt. During this time, the eastern Asian continental margin converged along the paleo-Pacific plate subduction zone (e.g., Maruyama and Seno 1986; Wang and Chen 1996; Isozaki 1997; Wang 1998; Shao et al. 2001) . Obviously, corresponding with this tectonic event since the mid-dle Jurassic at ∼175-150 Ma, the WNW contraction occurred, and crustal thickening and magmatic intrusion (∼140-120 Ma) and exhumation (∼120-70 Ma) built up the modern Taihang Mountain belt. We interpret the structural and tectonic evolution of the region to be related to the changes in convergence direction and the style of deformation along the Asian-Pacific plate boundary. Thus, the Taihang Mountain belt is a middle Jurassic-Cretaceous contraction-magmatic zone and was superposed by later exhumation and middle Cenozoic E-dipping normal faulting and Cenozoic erosion.
Conclusions
Interpretation of structural data, zircon U-Pb and 40 Ar/ 39 Ar radiometric ages, and some older apatite fission-track data indicate a three-stage evolution process for the Taihang Mountain belt during the middle to late Mesozoic. A WNW-ESE contraction occurred at about 175-150 Ma, followed by granitic intrusions from 146 to 125 (130) Ma, producing a NE-NNE-trending magmatic belt. Unroofing and exhumation of the Taihang Mountain belt began at 130-120 Ma. Exposed granitic plutons underwent rapid cooling (∼27Њ-35ЊC/m.yr.) to 320Њ-350ЊC in the first 10-13.5 m.yr. after intrusion. For a time interval from 131 to 126 Ma, the cooling rate was ∼16ЊC/m.yr. From ∼126 to 70 Ma, a slow unroofing and exhumation process recorded a cooling rate of ∼2.1ЊC/m.yr.
Because the Taihang Mountain belt is an intracontinental mountain belt, its earlier contractional deformation and the following volcanic and magmatic eruptions/intrusion were the result of the farfield stress release of the paleo-Pacific plate subduction under the eastern Asian continent during the middle-late Jurassic. At ∼175-150 Ma, the Taihang Mountain belt experienced the crustal shortening. After the large-scale granitic intrusions at ∼146-125 Ma, crustal thinning occurred on the eastern side of the Taihang Mountain belt. Thus, the initial formation of the Taihang Mountain belt had been set up at ∼175-150 Ma. After the mountain building, granitic intrusions, and tectonic exhumation of the Taihang Mountain belt, the structural evolution, sedimentation, and tectonic framework are very different on its western and eastern sides, that is, a NE-NNE-trending transformation zone in the tectonic territory in the eastern Asian continent.
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